Background: Time-resolved angiography with stochastic trajectories (TWIST) sequence makes considerable progress in temporal and spatial resolution, which presents high potential in evaluation of vascular diseases. Purpose: To assess magnetic resonance imaging (MRI) using TWIST MR angiography (MRA) sequence in the assessment of vascular invasion for bone and soft-tissue tumors in comparison to computed tomography angiography (CTA) as the reference standard. Material and Methods: Thirty-three patients with lower extremity musculoskeletal tumors were imaged with conventional MR and TWIST MRA. CTA was performed 48 h later. The signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) of the femoral artery were calculated. Vascular invasion as determined by MRA and CTA was separately analyzed. Vascular invasion by MRA and CTA were analyzed with kappa coefficients to determine agreement between the imaging methods. Results: Seven cases of bone and 26 cases of soft tissue tumors were examined. SNR and CNR of the femoral artery were excellent for TWIST MRA (mean AE SD values of 317 AE 80 and 276 AE 76, respectively). Based on the TWIST sequence, the vessels were free of tumor in 16 cases. Vascular displacement was found in 11 cases and vascular stenosis in six cases. The MRA findings conflicted with CTA findings in only one case. The kappa value was 0.953 (P < 0.01). In five cases, vascular malformations were found with TWIST MRA but not CTA. Conclusion: TWIST MRA enables accurate delineation of anatomical structures and tumor arterial involvement, providing reliable preoperative imaging information with respect to lower extremity musculoskeletal tumors.
Introduction
The lower extremity is the most common site for musculoskeletal soft tissue neoplasms. In recent years, limb salvage surgery has become the preferred management technique for such tumors. Large vessel tumor invasion is a contraindication to limb salvage surgery rendering preoperative evaluation of tumor feeding arteries and identification of vascular invasion critical. Digital subtraction angiography (DSA) is the clinical gold standard for examination of vascular diseases; however, DSA is costly and invasive with risks including vascular injury, hemorrhage, arterial embolism, and exposure to ionizing radiation (1) . Lower extremity computed tomography angiography (CTA) is often employed in clinical practice; however, ionizing radiation, poor soft tissue resolution, and suboptimal depiction of venous structures limit the applicability. Traditional non-enhanced magnetic resonance angiography (MRA) such as three-dimensional (3D) time-of-flight (TOF) may misidentify an area of slow blood flow as a site of occlusion (2) and cannot provide direct visualization of thrombus (3) . Three-dimensional contrast-enhanced (3D CE-MRA) overcomes artifacts due to differences in flow dynamics and has gradually become the primary modality for assessment of vascular diseases. However, bolus timing with 3D CE-MRA is often difficult and altered low dynamics may cause pseudo-occlusions upstream from high grade stenotic or occlusive lesions (3, 4) . Time-resolved angiography with stochastic trajectories (TWIST) MRA enables concurrent acquisition of high spatial and temporal resolution MR images by manipulating k-space coverage in combination with parallel imaging (5) . TWIST eliminates the need to judge the time to peak after contrast injection, thus reducing venous contamination and potentially enabling a lower dose of contrast agent. TWIST MRA can also provide hemodynamic information concerning arteriovenous malformations, collateral circulation, and lesions with retrograde flow (6) .
The aim of the current study was to evaluate tumor feeding arteries and the presence of tumor vascular invasion with TWIST MRA in comparison to a CTA reference standard.
Material and Methods

Patients
This study was conducted under the approval and supervision of the hospital's institutional review board. The inclusion criteria were as follows: (i) patients aged 10-70 years; and (ii) able to undergo MRA and subsequent CTA in 48 h. Exclusion criteria were as follows: (i) patients with standard MR contraindications (stent implantation, fracture fixation operations, pacemaker implantation, claustrophobia); (ii) glomerular filtration rate (GFR) below 30 mL/min/ 1.73m 2 ; (iii) contrast agent allergy; and (iv) pregnant or lactating women. From March 2014 to January 2016, 33 patients (18 boys/men, 15 girls/women; age range ¼ 11-67 years; mean age ¼ 42 years) with lower extremity musculoskeletal tumors (seven patients with bone tumors, 26 with soft-tissue tumors) were included. Twenty-three patients underwent percutaneous biopsy while ten patients had tumors proven by intraoperative biopsy. Eight benign tumors (popliteal myxoma, fibroma [n ¼ 2], fibrolipoma myofibroblastoma, hemangioma, lymphoma, diffuse-type tenosynovial giant cell tumor, and hematomaneurofibroma) and 25 malignant tumors (rhabdomyosarcoma, osteosarcoma, fibrosarcoma, etc) were included. Among malignant lesions, five cases were classified as a local recurrence according to records. Twenty patients underwent wide surgical resection of tumors. Thirteen cases were not amenable to surgery because of metastatic disease or involvement of critical adjacent structures precluding surgery.
MR Imaging and Time-Resolved 3D MRA
For all 33 patients, magnetic resonance imaging (MRI) was performed using a 3-T MR system (Magnetom Skyra, Siemens Medical Solutions, Forchheim, Germany) with an eight-channel body array coil. All patients underwent conventional MRI including T1-weighted (T1W) (axial plane) and fat-saturated T2-weighted (T2W) (coronal, sagittal, and axial plane) images. Two-dimensional (2D) TOF-MRA was utilized for tumor localization. After the lesion was identified, a TWIST sequence was performed (coronal plane) with the following parameters: slice thickness ¼ 5 mm; matrix ¼ 448 Â 358; voxel ¼ 1 Â 1 Â 1 mm; parallel imaging acceleration factor ¼ 4. For each patient, 25 dynamic scanning phases each with a 3.84-s temporal footprint were obtained to cover both arterial and venous phases of contrast. The overall scan time was about 114 s (3.84 s for each phase, 20 s for the last phase and the reference image). The number of slices for each sequence depended on the size of the lesion. An intravenous gadolinium chelate contrast agent (0.1 mmol/kg, 1 mmol/L of gadovist [gadobutrol] , Bayer Pharma AG, Berlin, Germany) was injected (Medtron Accutron high-pressure injector, Medtron, Saarbru¨cken, Germany) with a flow rate of 2.5 mL/s followed by a 20-mL saline flush at the same flow rate. Data acquisition was started manually 10 s after contrast injection to ensure that at least one unenhanced dynamic scan was obtained for image subtraction. Rotated dynamic maximum intensity projections (MIP) were rendered with 25 reconstructions from the subtracted images. Images were assessed based upon the original datasets and evaluation of the MIP images (7).
CTA
CTA was performed with Discovery 750 HD CT (GE Healthcare, Milwaukee, WI, USA) 36-48 h after MRA, with i.v. injection of lodixanol (1.2 mL/kg, Ultravist, Bayer, Berlin, Germany). Intravenous contrast media was injected at a rate of 4.5 mL/s and the other parameters were as follows: 120 kV; 60 mA; table speed ¼ 55 mm/s; slice thickness ¼ 0.625 mm.
MRA and CTA examinations were transferred to a dedicated workstation. All images were analyzed separately by two musculoskeletal radiologists separately and then in consensus. The radiologists interpreting the MRA studies were blinded to CTA findings. Selecting the best arterial phase of contrast, typically the fourth or fifth phase (i.e. phase with visually the greatest opacification of the femoral artery), regions of interest (ROIs) were drawn to determine the signalto-noise ratio (SNR) and contrast-to-noise ratio (CNR). SNRs were calculated with the following equation:
where SI ROI is the signal intensity in the ROI. SD air is the SD of the signal intensity given by the ROI in extracorporeal air.
Vessel-muscle CNR (CNR ROI-musc ) was calculated as per the following equation:
The arterial structures around tumors were assessed for displacement, stenosis, and occlusion. The angiographic findings were graded as follows: 0 ¼ no tumor vascular involvement; 1 ¼ vessels displaced by tumor; 2 ¼ stenosis of 0-25%; 3 ¼ stenosis of 26-50%; 4 ¼ stenosis of 51-75%; 5 ¼ stenosis of 76-99%; 6 ¼ occlusion (3). CTA images were transferred to an offline workstation for reconstruction. Sensitivity, specificity, positive predictive value, negative predictive value, and the accuracy of MRI and MRA findings were calculated separately with respect to the presence of partial or complete vessel encasement, stenosis, and occlusion. Statistical analysis was performed using SPSS (version 17, IBM, Armonk, NY, USA). Kappa statistics were used to compare MRA and CTA results.
Results
Image quality
In 31/33 patients (Suppl. Table 1 ) MR images were of good diagnostic quality without magnetic susceptibility or motion artifacts. Motion artifacts were present in two cases. Twenty-five phases of imaging were acquired using the TWIST sequence, with each phase consisting of 72 images (Fig. 1) . Both arterial and venous phases were assessable due to the short temporal footprint enabling identification of feeding arteries and draining veins. SNR and CNR were measured in the femoral artery in the phase of maximal enhancement. Estimates of SNR and CNR measured in the peak arterial phase were relatively high (mean AE SD value for SNR of 294 AE 158 and for CNR of 248 AE 144).
MRA vascular invasion
In 15 cases, the vessels were free of tumor. Vascular displacement without stenosis was detected in 12 cases, displacement with stenosis of 0-25% in five cases (Fig. 2) and 51-75% in one case. No stenosis in the range of 25-50% or more than 75% were observed.
CTA vascular invasion
In 15 cases, the vessels were free of tumor. Vascular displacement without stenosis was detected in 11 cases, stenosis of 0-25% in six cases, and stenosis of 51-75% in one case. No stenosis in the range of 25-50% or more than 75% was observed. CTA and MRA results were discordant in a single case wherein MRA showed vessel displacement without stenosis but CTA displacement with 0-25% stenosis.
Comparison between MRA and CTA of tumors in lower limbs
Using CTA as the reference standard, MRA had a sensitivity of 100%, a specificity of 93.8%, a positive predictive value of 100%, a negative predictive value of 94.4%, and an accuracy of 97.0% for detection of tumor vascular involvement. The kappa value was 0.953 (P < 0.01) for the MRA and CTA results. Five tumors with associated vascular malformations were detected by MRA but not CTA (Fig. 3) . Lumbar tumor feeding arteries came from the abdominal aorta in two cases (case 12 and 17). Prominent abdominal wall veins due to hepatic cirrhosis were identified by MRA in one case (case 18) and an arteriovenous fistula in two cases (cases 7 and 19). Since hemorrhage might result from a failure to preoperatively diagnose vascular abnormalities, the aforementioned imaging findings were considered significant for surgical planning.
Discussion
The principle of dynamic contrast-enhanced (DCE) MRA is that a paramagnetic contrast agent enters the lumen of blood vessels, changing the local magnetic field, altering the resonant frequency of neighboring oxygen protons, and causing the proton spin phase to change, ultimately shortening T1 and T2 (8) . DCE MRI, using time-resolved 3D MRA with small contrast doses, is based on similar principles and is a non-invasive and safe technique that does not require ionizing radiation (6, 7) . TWIST MRA, a type of dynamic MRA similar to time-resolved imaging of contrast kinetics (TRICKS), can be used to obtain a sub-second temporal footprint with relatively high spatial resolution without reliance upon complex contrast bolus timing methods. This results in a reduction of motion artifacts and produces images with minimal venous contamination. TWIST MRA has been widely used in clinical practice for both diagnostic and operative planning purposes with application in diabetic feet, cerebral apoplexy, and renal artery stenosis. The high spatial resolution enables visualization of third and fourth order branches surrounded by tumor, whereas the high temporal resolution enables analysis of lesions with high blood flow, such as arteriovenous fistulae or collateral flow around stenoses (6) . Detailed images enable improved surgical planning, especially with respect to tumor bed vascular anatomy (8) . In our study, case 18 showed prominent abdominal veins in a cirrhosis patient alerting the surgeon to the potential for presurgical or intraoperative hepatic dysfunction. Case 19 showed arteriovenous fistula around the tumor, altering the choice of surgical procedure. Adequate SNR and CNR are important to enable visualization of smaller third and fourth order vascular structures. Ruhl et al. (7) examined 21 cases of vascular stenosis related to diabetes with TWIST sequence, finding excellent SNR (294 AE 158) and CNR (248 AE 144) in the dorsalis pedis artery (0.2 mmol/kg gadobenate dimeglumine). In our study, the SNR of the femoral artery was about 317 AE 80 and CNR of 276 AE 76 (0.1 mmol/kg gadolinium injection). TWIST MRA performed with lower contrast doses is likely to have lower SNR and CNR. There is likewise a tradeoff between temporal and spatial resolution; the former can be increased via parallel imaging at the cost of SNR, particularly if conventional receiver coils are used (9) . In the current study, the high field strength (3.0 T), eight-element body array coil, higher parallel imaging acceleration factor (IPAT ¼ 4), and greater concentration of contrast medium (1 mmol/L, Gadobutrol) enable a compromise between adequate SNR and temporal resolution (3.84 s, providing an average of about four to five arterial phases).
Accurate detection of vascular invasion is critically important for surgical planning in order to avoid injury to the feeding arteries during surgery. The aim of this study was to assess the ability of TWIST MRA to detect tumor related vessel stenoses. With respect to peripheral vascular disease, Attenberger et al. (10) found that TWIST MRA at 3-T with a low dose of contrast agent enabled comparable assessment of vascular stenoses to DSA. Evaluation of small vessels is reduced with TWIST due to the compromise in spatial resolution intrinsic to dynamic techniques (11) with data suggesting that TWIST MRA can assess vessel diameters up to 2 mm. The following arteries are thus able to be adequately evaluated: the iliac artery; femoral artery; deep femoral artery; lateral circumflex femoral artery; popliteal artery; descending genicular artery; anterior tibial artery; and peroneal artery. Assessment of these structures is critical, whereas smaller arterial sub-branches encased by tumors can be safely surgically ligated (3) .
Tumor volume must be sufficiently large or the tumor sufficiently aggressive to lead to arterial invasion. No vascular encroachment was observed in 16 cases in the current study, indicating that these tumors were identified early in their course or were not particularly aggressive concerning local invasion. The lower rate of vascular invasion was also likely influenced by the relatively young study population with only six patients aged over 60 years. Of note, while the main arteries were spared in nearly half of the cases, second or third arterial branches were involved or occluded by tumors in the majority of cases on CTA. However, occlusions of these sub-2 mm branches as mentioned previously are of little surgical significance.
Only one case had discordant results between CTA and MRA. In case 5, CTA demonstrated a stenosis of 0-25% while MRA showed displacement only without stenosis. In this case, the degree of vascular involvement was borderline, leading to the discrepancies between the different modalities. Inter-observer disagreement may also play a role. MRA time sampling technology and parallel imaging acquisitions do lead to vascular edge distortions (12) , thus standard axial MR images may be helpful as an adjuvant to the TWIST MRA sequence as found previously by Lang et al. (11) .
DSA is the true clinical gold standard for vascular assessment, but given its inherent risks, cannot be justified for routine use. Thus, CTA was utilized as the gold standard for our study. CTA is not routinely used for tumor staging, although conventional CT is helpful for displaying ossification or calcification in the tumor matrix (13) . The thin section (1 mm) images and high spatial resolution enable accurate assessment of the vasculature, more accurate, according to some authors, than MRA (14) in the assessment of musculoskeletal tumor vascular invasion. However, CTA has some innate shortcomings. Vascular stenoses can be overlooked due to the interference created by Z axis resolution. Vessel wall calcifications can also produce beam hardening artifacts that limit assessment. This was rarely a factor in this study due to the younger patient population, less likely to suffer from peripheral vascular diseases (15) . Assessment of arteries adjacent to cortical bone (i.e. the tibial arteries or peroneal artery) may be similarly limited.
Venous structures are not displayed with conventional CTA, and if they are, contaminate the assessment of the arterial structures. Bolus timing is a challenge and an optimal injection rate must be selected and also the determination of peak contrast concentration in target vessels as judged by the technician. CTA also cannot detect important hemodynamic abnormalities such as vascular malformations or arteriovenous malformation. Therefore, CTA is often insufficient for determination of lower extremity tumor vascular invasion. TWIST MRA has limitations as well with respect to spatial resolution, and a combination of the two techniques, while adding cost, may provide the most accurate results in conjunction with reconstruction techniques like multi-planner reformation (MPR), volume rendering (VR), MIP, and surface shaded display (SSD) (16) .
This study suffers from a lack of a true gold standard (i.e. DSA), which was not implemented due to the limitations discussed above. The present study did not attempt to optimize the TWIST technique with respect to spatiotemporal resolution. Reformative receiver coil arrays and individualized parameter optimization have been developed to provide high spatial resolution with frame times as short as 2.1 s (17) . On the other hand, smaller distal vessels can be identified significantly using TR MRA without IPAT (18) . An IPAT of 4 was chosen for our study, but other more or less accelerated acquisitions may prove more useful. It is also reported that TWIST cannot display vascular wall calcifications well. In addition, spatial resolution and time resolution artifacts appear with the application of parallel imaging techniques. The latest TWIST-Dixon technology does overcome some shortcomings of traditional TWIST MRA, but is unlikely to reduce artifacts from vessel wall calcifications. Compressed sensing TWIST (CS-TWIST) is growing in popularity and can reduce spatial and temporal artifacts, enabling greater subjective image quality while decreasing the sensitivity to motion artifacts via a reduction in the imaging temporal footprint (19) . Finally, the clinical impact of the TWIST MRA examination upon surgical planning and outcomes was not formally evaluated relative to CTA or conventional MRA. Given the high number of cases without arterial involvement, a much larger series would likely be required for this assessment.
In conclusion, TWIST MRA enables accurate delineation of anatomical structures and tumor arterial involvement through its high temporal and spatial resolution, providing reliable preoperative imaging information with respect to lower extremity musculoskeletal tumors.
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